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By employing a series of experimental techniques, we provide clear evidence that CaPtAs represents a
rare example of a noncentrosymmetric superconductor which simultaneously exhibits nodes in the super-
conducting gap and broken time-reversal symmetry (TRS) in its superconducting state (below Tc ≈ 1.5 K).
Unlike in fully-gapped superconductors, the magnetic penetration depth λ(T ) does not saturate at low tem-
peratures, but instead it shows a T 2-dependence, characteristic of gap nodes. Both the superfluid density
and the electronic specific heat are best described by a two-gap model comprising of a nodeless gap and a
gap with nodes, rather than by single-band models. At the same time, zero-field muon-spin spectra exhibit
increased relaxation rates below the onset of superconductivity, implying that TRS is broken in the super-
conducting state of CaPtAs, hence indicating its unconventional nature. Our observations suggest CaPtAs to
be a new remarkable material which links two apparently disparate classes, that of TRS-breaking correlated
magnetic superconductorswith nodal gaps and the weakly-correlated noncentrosymmetric superconductors
with broken TRS, normally exhibiting only a fully-gapped behavior.
When entering the superconducting state, the breaking
of extra symmetries in addition to U(1) gauge symme-
try is normally an indication of unconventional supercon-
ductivity (SC) [1, 2]. In a growing number of supercon-
ductors, time-reversal symmetry (TRS) breaking has been
proved via the detection of spontaneous magnetic fields be-
low the onset of superconductivity by means of zero-field
muon-spin relaxation measurements. Notable examples in-
clude Sr2RuO4 [3], UPt3 [4], PrOs4Sb4 [5], LaNiGa2 [6],
LaNiC2, La7T3, and ReT (T = transition metal) supercon-
ductors [7–13]. The first two are well-known examples
of SC in strongly-correlated systems with unconventional
pairing mechanisms [14, 15], while the latter three are ex-
amples of noncentrosymmetric superconductors (NCSCs),
where the lack of inversion symmetry gives rise to an anti-
symmetric spin-orbit coupling (ASOC) leading to spin-split
Fermi surfaces. Consequently, their pairing states are not
constrained to be purely singlet or triplet, and mixed-parity
pairing may occur [16–18]. Owing to such mixed pairing
and/or the influence of ASOC, NCSCs may exhibit signifi-
cantly different properties from their conventional counter-
parts, e.g., superconducting gaps with nodes [19–23], up-
per critical fields exceeding the Pauli limit [11, 24–27] or, as
recently proposed, even topological superconductivity [28–
32].
In general, the relationship between the breaking of
TRS and a lack of inversion symmetry in the crystal struc-
ture is unclear. In many NCSCs such as Mo3Al2C, LaTSi3,
Mg10Ir19B16, or Mo3P [33–38], no spontaneous magnetic
fields have been observed and thus TRS is preserved in the
superconducting state. A notable feature of most of the
weakly correlated NCSCs with broken TRS is the presence
of fully opened superconducting gaps. In the case of LaNiC2,
inconsistent results, including both fully-opened and nodal
gap structures, have been found from measurements of the
order parameter [39–43][44]. The nodeless superconduc-
tivity of weakly correlated NCSCs is not only in contrast
to the general expectations for strong singlet-triplet mixing,
but also sets these systems apart from the strongly corre-
lated superconductors Sr2RuO4 and UPt3 [3, 4], where the
presence of unconventional pairing mechanisms is more un-
ambiguously determined.
In LaNiC2, as well as in centrosymmetric LaNiGa2, the ob-
served TRS breaking has been accounted for by non-unitary
triplet pairing [6, 7, 45]. This was reconciled with nodeless
multigap SC by the proposal of even-parity triplet pairing,
between electrons on different orbitals [46]. On the other
hand, the ReT superconductors, which have a relatively
large ASOC compared to LaNiC2, appear to exhibit single
fully-opened gaps, more consistent with a predominantly
singlet pairing. The recent observation of TRS breaking in
centrosymmetric elemental Re strongly suggests that the lo-
cal electronic structure of Re is crucial for understanding
the TRS breaking in the ReT family [12]. The broken TRS
in weakly correlated systems, which otherwise appear to
behave as conventional superconductors, has led to propos-
als to account for this behavior with a conventional pairing
mechanism [47], such as the loop-Josephson-current state,
based on a model with onsite singlet pairing [48].
To date, there are scarcely any examples of NCSC which
clearly exhibit broken TRS and nodal-gap SC. In this Let-
ter, we show that CaPtAs, a newly discovered NCSC [49],
is a rare candidate to display both such unconventional fea-
tures. Our key observations of a nodal-gap and of sponta-
neous magnetic fields (concomitant with the onset of SC) in-
dicate that CaPtAs represents a new remarkable example of
a weakly-correlated NCSC encompassing both broken TRS
and nodal SC.
Polycrystalline CaPtAs was synthesized via a solid-state
reaction method [49]. Magnetic susceptibility, electrical re-
sistivity, and specific-heat measurements were performed
on a Quantum Design MPMS and PPMS, respectively. The
muon-spin relaxation/rotation (µSR) measurements were
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FIG. 1. (a) Temperature dependent ZFC- and FC magnetic suscep-
tibilities of CaPtAs (left axis), measured in an applied field of 1mT,
and zero-field electrical resistivity (right axis). The magnetic sus-
ceptibility data were corrected after considering the demagnetiza-
tion factor. (b) Magnetization vs. applied magnetic field in the
superconducting state. The lower critical field µ0Hc1 was deter-
mined as the value where M(H) starts deviating from linearity
(see dashed-line), while the upper critical field µ0Hc2 was identi-
fied with the field where the diamagnetic signal disappears.
carried out on the low-temperature facility (LTF) spectrom-
eters of the piM3 beamline at the Paul Scherrer Institut, Vil-
ligen, Switzerland. The temperature-dependent shift of the
magnetic penetration depth, which is proportional to the
frequency shift, i.e., ∆λ = G∆ f (with G a geometry re-
lated constant), was measured by using a tunnel-diode os-
cillator (TDO) based technique at an operating frequency
of 7MHz [22, 27, 40].
CaPtAs crystallizes in a tetragonal noncentrosymmetric
structure with space group I41md (No. 109) [49]. The
SC of CaPtAs was characterized by magnetic susceptibil-
ity, measured using both field-cooling- (FC) and zero-field-
cooling (ZFC) protocols. As shown in Fig. 1(a), the ZFC-
susceptibility (after accounting for the demagnetization fac-
tor) indicates SC below Tc = 1.5 K, where the electrical
resistivity (right axis) drops to zero, both being consis-
tent with the specific-heat data [50]. The lower-critical-
field, estimated from the field-dependent magnetization, is
µ0Hc1 = 4.8(1)mT [see Fig. 1(b)].
Figure 2 shows the temperature dependent magnetic pen-
etration depth λ(T ) measured by the TDO method and
the corresponding exponential- and power-law fits. The
TDO data over the full temperature range (see inset) il-
lustrate the superconducting transition near Tc = 1.5 K.
Clearly, λ(T ) follows a quadratic temperature dependence
[λ(T ) ∼ T 2], as expected for superconductors with point
nodes. In contrast, a power-law with a larger exponent
0.0 0.5 1.0 1.5 2.0
0
10
20
30
40
0.0 0.1 0.2 0.3 0.4 0.5 0.6
0.32
0.33
0.34
0.35
0.36
0.37
0.38
T (K)
l 
(m
m
)
e-D0(0)/T
T3
T2f (
kH
z)
T (K)
FIG. 2. The magnetic penetration depth λ(T ) of CaPtAs, measured
using the TDO-based method in zero field at T ® 1/3Tc . The in-
set shows the TDO frequency up to temperatures above Tc. The
black- and red lines represent fits to λ(T ) ∼ T 2 and T 3, respec-
tively, while the blue line indicates an exponential temperature
dependence. λ was calculated as λ0 +∆λ, where λ0 was derived
from TF-µSR measurements.
[λ(T ) ∼ T 3] or an exponential temperature dependence
[λ(T ) ∼ e−∆0(0)/T ], the latter indicating fully-gapped be-
haviour, both deviate significantly from the experimental
data.
Figure 3(a) shows two typical transverse-field (TF) µSR
spectra collected at temperatures above and below Tc at
8mT (T 8mTc = 1.15 K) [50], here corresponding to nearly
twiceµ0Hc1(0). The TF-µSR asymmetry datawere analyzed
using:
ATF = Ase
−σ2 t2/2 cos(γµBs t +φ)+Abg cos(γµBbg t +φ). (1)
Here As (50%) and Abg (50%) represent the asymmetry of
the sample and background (e.g., sample holder), respec-
tively. γµ/2pi = 135.53MHz/T is the muon gyromagnetic
ratio, Bs and Bbg are the local fields sensed by implanted
muons in the sample and sample holder, φ is the shared
initial phase, and σ is a Gaussian relaxation rate. σ in-
cludes contributions from both the flux-line lattice (σsc) and
a temperature-invariant relaxation due to nuclear moments
(σn). By subtracting the nuclear contribution in quadra-
ture, one can extract σsc, i.e., σsc =
Æ
σ2 −σ2
n
. The upper
critical field of CaPtAs is relatively small compared to the
field applied during the TF-µSR measurements (Hc2/Happl
∼ 4.3) [50–52]. Hence, the effective penetration depth λeff
had to be calculated from σsc by considering the overlap of
vortex cores [53]:
σsc(h) = 0.172
γµΦ0
2pi
(1− h)[1+ 1.21(1−
p
h)3]λ−2
eff
. (2)
Here, h= Happl/Hc2, is the reduced magnetic field.
Figures 3(b)-(c) show the superfluid density (ρsc ∝ λ
−2)
measured by µSR and TDO vs. the reduced temperature
T/Tc , respectively. The superfluid density clearly varies
with temperature down to the lowest T , i.e., well below
T/Tc = 0.3. This non-constant behavior again indicates the
presence of low energy excitations and, hence, of nodes in
the superconducting gap. To get further insight into the
pairing symmetry, the temperature-dependent superfluid
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FIG. 3. (a) Time-domain TF-µSR spectra in the superconducting
(0.02 K) and normal (1.4 K) states of CaPtAs. Superfluid density
as estimated from (b) The TDO-based method and (c) TF-µSR vs.
the reduced temperature T/Tc. The inset shows the enlarged plot
of the TDO low-T region. (d) Zero-field electronic specific heat vs.
T/Tc . The different lines represent fits to the various models (see
text for details). The fit parameters are listed in Table SI [50].
density was analyzed using different models. Considering a
superconducting gap ∆k, the superfluid density ρsc(T ) can
be calculated as:
ρsc = 1+ 2
∫ ∞
∆k
Eq
E2 −∆2
k
∂ f
∂ E
dE

FS
, (3)
where f = (1+ eE/kBT )−1 is the Fermi function and 〈〉FS rep-
resents an average over the Fermi surface. The gap func-
tion can be written as ∆k(T ) = ∆0(T )gk, where ∆0 is the
maximum gap value and gk is the angular dependence of
the gap (see details in Table SI) [50]. The temperature
dependence of the gap was assumed to follow ∆0(T ) =
∆0(0)tanh{1.82[1.018(Tc/T − 1)]
0.51}, where ∆0(0) is the
gap value in the zero-temperature limit.
Five different models, single-gap s-, p-, d-, and two-gap
s + p- and s + d-wave, were used to analyze the superfluid
density. The marked temperature dependence of the su-
perfluid density at low-T clearly rules out a fully-gapped
s-wave model [see yellow lines in Figs. 3(b)-(c)]. Also in
the case of a pure p-wave, we find a poor agreement with
the low-T data (blue lines). A d-wave model with line
nodes, can reproduce reasonably well the TF-µSR data, but
it fails to follow the low-T λ−2(T ) data obtained via TDO
[see black lines in Figs. 3(b)-(c)]. The slight difference be-
tween the TDO and TF-µSR data below T/Tc ∼ 0.5 is most
likely due to the applied external field (8mT) during the TF-
µSR measurements, which is not neglible comparedto the
small Hc2 value of CaPtAs.
Conversely, the superfluid density is best fitted by a two-
component s+ p- or s+ d-wave model [red and green lines
in Figs. 3(b)-(c)]. The good agreement with data of these
models indicates the presence of multiple gaps, of which at
least one has nodes on the Fermi surface. Although both
models fit the superfluid density satisfactorily well across
the full temperature range (T < Tc), the s + p-wave model
agrees better with the λ−2(T ) data measured using the TDO
method [see inset of Fig. 3(b)]. This is also strongly evi-
denced by both its smaller deviation from the data (see Ta-
ble SI) and the quadratic low-T dependence of λ(T ) [50].
To further validate the above conclusions, the zero-field
electronic specific heat Ce/T was also analyzed using the
above models [51, 54, 55]. Ce/T was obtained by subtract-
ing the phonon- and nuclear contributions from the mea-
sured data (see Fig. S2) [50] and it is shown in Fig. 3(d)
as Ce/γnT , with γn the normal-state electronic specific-heat
coefficient. Again, the single-gap s-, p-, and d-wave models
deviate significantly from the data. Conversely, both multi-
gapmodels exhibit a good agreement with the experimental
data across the full temperature range, with the s+ p-wave
model showing the smallest deviation [50], hence providing
further evidence for nodal-gap SC in CaPtAs. The fit of the
s+p-wave model to the superfluid density and the electronic
specific heat [including the s-(∼15%) and p-wave (∼85%)
components] is shown in Fig. S3 [50].
To search for spontaneous fields below Tc , signaling pos-
sible TRS breaking in CaPtAs, we performed zero field (ZF)-
µSR measurements. The clear increase in relaxation rate in
the superconducting state [see Fig. 4(a)] hints at the break-
ing of TRS. For non-magnetic materials, the depolarization
is generally described by a Gaussian Kubo-Toyabe relaxation
function [56, 57]. For CaPtAs, the ZF-µSR spectra were fit-
ted by considering an additional Lorentzian relaxation com-
ponent, with As and Abg being the same as in the TF-µSR
case:
AZF = As

1
3
+
2
3
(1−σ2
ZF
t2)e(−
σ2
ZF
t2
2 )

e−ΛZF t + Abg. (4)
Fits using the above model yield an almost temperature-
independent Gaussian relaxation rate (σZF) across the mea-
sured temperature range [see Fig. S4(b)] [50]. Hence, the
Lorentzian relaxation rate (ΛZF) was estimated by fixing
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FIG. 4. (a) Representative zero-field µSR time spectra collected in
the superconducting- (0.02K) and normal (2.5 K) state of CaPtAs.
Additional data were collected at 0.02 K in a 10-mT longitudinal
field. The solid lines are fits to Eq. (4). (b) Derived Lorentzian
relaxation rate ΛZF (using either a free- or a fixed-σZF analysis)
versus temperature. The solid line through the data is a guide to
the eyes.
σZF to its average value (σ
avg
ZF = 0.13 µs
−1). As shown in
Fig. 4(b), a small yet measurable increase of ΛZF below Tc
and a temperature-independent relaxation above Tc , reflect
the onset of spontaneous magnetic fields. The latter can
be considered as the signature of TRS breaking in the su-
perconducting state of CaPtAs, with similarly enhanced ΛZF
having also been found in other TRS breaking NCSCs [7, 8].
Both free- and fixed-σZF analyses show a robust increase in
ΛZF(T ) below Tc , demonstrating that the signal of sponta-
neous magnetic fields is an intrinsic effect, rather than an ar-
tifact of correlated fit parameters. This is further confirmed
in Fig. S5, where we show the cross correlations between
the different fit parameters [50]. Finally, longitudinal-field
(LF)-µSR measurements were performed at base tempera-
ture (0.02 K) to rule out additional extrinsic effects such as
defect/impurity induced relaxation. As shown in Fig. 4(a),
a small field of 10mT is sufficient to fully decouple the
muon spins from the weak spontaneous magnetic fields, in-
dicating that the fields are static on the time scale of the
muon lifetime.
To date, most NCSCs with broken TRS exhibit node-
less superconductivity, indicating that the spin-singlet chan-
nel dominates the pairing. These include the α-Mn-type
ReT [10–13] and Th7Fe3-type La7T3 [8, 9]. As for CeNiC2-
type NCSCs, the recently discovered ThCoC2 exhibits nodal
SC, but no evidence of broken TRS has been found [58]. In
LaNiC2 instead, the low symmetry of its orthorhombic crys-
tal structure means that the breaking of TRS at Tc neces-
sarily implies nonunitary triplet pairing, and rules out the
mixed singlet-triplet state described below [7, 45]. How-
ever, measurements of the gap symmetry have yielded in-
consistent results, where both fully-opened and nodal gap
structures have been reported [39–43]. Compared to the
above cases, CaPtAs represents a new remarkable NSCS,
which accommodates both broken TRS and nodal SC.
One possibility is that the observed multigap supercon-
ductivity corresponds to different gaps on distinct electronic
bands, which would be consistent with band-structure
calculations showing multiple bands crossing the Fermi
level [49]. An alternative scenario is that in NCSCs, the
admixture of singlet- ψ(k) and triplet d(k) order param-
eters leads to gap structures with ∆(k)± = ψ(k) ± |d(k)|
[16–18]. Clearly, if the triplet component is small, the gaps
on the spin-split Fermi surfaces will both be nodeless and
of nearly equal magnitude, making this case hardly distin-
guishable from a single-gap s-wave superconductor. On
the other hand, if the triplet component dominates, there
can be one nodeless gap, and another with nodes. Such a
scenario can explain well, for instance, the multigap node-
less SC in Li2Pd3B and the nodal SC in Li2Pt3B, since the
triplet-component increases with the enhanced ASOC upon
the substitution of Pt for Pd [19]. We find that the super-
fluid density of CaPtAs is best described by models with one
nodeless and one nodal gap, which also corresponds to that
expected for significant singlet-triplet mixing.
According to band-structure calculations, the estimated
band splitting due to ASOC is about 50–100meV, which
gives Esoc/kBTc ∼ 400-800 [49]. Though much smaller
than the band splitting of CePt3Si (Esoc/kBTc ∼ 3095) [59],
it is comparable to that of Li2Pt3B (∼ 831) [60], and
much larger than that of most other NCSCs. Since the
above two Pt compounds are believed to exhibit mixed pair-
ing [19, 61], the presence of large band splitting due to
ASOC, in addition to nodal multigap SC, suggests that Ca-
PtAs is a good candidate for large singlet-triplet mixing.
However, whether in this crystal structure there is a TRS-
breaking mixed singlet-triplet state compatible with the
ASOC, requires further theoretical analysis. We note that, if
one considers TRS breaking states corresponding to the two-
dimensional irreducible representations of the point group
C4v , the simplest one is a chiral p-wave state [18], orig-
inally applied to Sr2RuO4 [14]. The p-wave model and
p-component of s + p-wave model we use in Fig. 3 corre-
spond to this chiral p-wave state. A specific attribution of
the pairing symmetry requires further measurements on sin-
gle crystals, together with microscopic calculations based
on the band structure. Different from the proposed topolog-
ical NCSCs [28, 29], CaPtAs exhibits simultaneously nodal
SC and broken TRS. This suggests that it could be a pos-
sible exotic-type of topological superconductor, a suitable
candidate material in which to search for Majorana zero
modes [62, 63]. Due to its high stability and the availability
of single crystals [49], CaPtAs is very promising for future
investigations using other techniques, such as scanning tun-
neling microscopy (STM), or angle-resolved photoemission
spectroscopy (ARPES).
In summary, we find that CaPtAs is an example of an
NCSC exhibiting both TRS breaking and nodal supercon-
ductivity. Its superfluid density and specific heat are best
described by a two-gap model, with one gap being fully
open and the other being nodal. The presence of multigap
nodal superconductivity and sizeable band splitting due to
ASOC makes CaPtAs a good candidate for hosting mixed
– 4 –
singlet- and triplet pairing. While further theoretical calcu-
lations and measurements are necessary to determine the
nature of the order parameter and pairing mechanism, this
system may offer new insights for bridging the gap between
different classes of TRS-breaking superconductors, namely
strongly correlated superconductors with magnetically me-
diated pairing and nodal gaps (such as Sr2RuO4 and UPt3)
and the more recently discovered weakly-correlated NCSCs.
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